The influence of temperature on the structure of polyacrylic acid (PAA) adsorption layers on the surface of controlled porosity glass (CPG) was studied. For this purpose, adsorption, surface charge, zeta potential and viscosity measurements were carried out over the 15-35ºC temperature range. The amounts of adsorbed polymer and the thickness of the polymer adsorption layer increase with increasing temperature. This is caused by conformational changes in the polymer macromolecules with increasing temperature, changing from a coiled structure at lower temperature to a more stretched structure at higher temperature. The free energies of the PAA segments adsorbed onto the CPG surface at 25ºC were calculated from the adsorption data. Decreases in the charges on the surface and diffuse layers of CPG particles were observed in the presence of PAA. On the basis on these data, proposals have been made regarding the main factors causing the changes in the zeta potential and surface charge of CPG in the presence of polymer.
INTRODUCTION
Many industrial and ecological processes, in particular water purification, food processing, flotation and mineral technology, require the separation of the dispersed solid from the liquid phase. On the other hand, a stabilization process is necessary in the production of paper, cosmetics, paints, coatings and pharmaceuticals. The use of polymeric substances is one of the better ways of achieving the stabilization/flocculation effect in colloidal suspensions (Yu et al. 2006; Leong 1996; Das and Somasundaran 2004; Tkachenko et al. 2006) . The conditions necessary for the stabilization and destabilization of a system in the presence of polymer depend on the conformation of the macromolecules adsorbed onto the solid surface (steric, bridging forces) and in solution (depletion interactions). Many factors influence the conformation of polymer chains, with the most important being the type of polymer, its concentration and molecular weight, the surface characteristics of the adsorbent, the pH and ionic strength of the solution as well as the temperature.
Of all these factors, only temperature and its influence on the structure of polymer adsorption layers has not been well examined and extensively discussed in the world literature to date (Mpofu et al. 2004; Pagnoux et al. 1999) . Nevertheless, temperature is a fundamental factor since its change causes significant changes in polymer chain conformations both in solution and on the solid surface, leading to stabilization or destabilization of the systems under investigation. For this reason alone, temperature studies are of great importance from both theoretical and practical viewpoints.
Many industrial processes occur at different temperatures. These processes often produce large volumes of technological waste which contain highly dispersed solids and macromolecular compounds. By changing the temperature, it is possible to influence the stability of the suspension by causing the system to move from a stable to an unstable state (Napper 1983) . Thus, the examination and understanding of the adsorption mechanism of macromolecules dispersed onto a solid surface as a function of temperature could allow a better control of the stability of the dispersion as well as the development of more effective and efficient separation methods.
The studies presented in this paper concern the influence of temperature on the adsorption mechanism and conformation of anionic polyacrylic acid (PAA) macromolecules on the surface of a controlled porosity glass (CPG). These investigations are a continuation of our previous studies relating to the effect of temperature on the adsorption of non-ionic polymers onto a CPG surface (Wiśniewska et al. 2007 ).
Both the adsorbent and polymer used in the present studies are widely applied for practical purposes. Polyacrylic acid is used as a stabilizer and flocculent in many technological, agricultural and environmental processes, e.g. the production of cosmetics, pharmaceutics, paint and paper, oil recovery, the recycling of environmentally hazardous wastes, for decreasing plough-land erosion as well as the purification of drinking and industrial water (Audibert et al. 1992; Amirtharajah and O'Melia 1990) .
Controlled porosity glasses (CPGs) are very popular siliceous compounds which are used as adsorbents, macromolecular sieves and supports for adhesively-deposited or chemically-bonded stationary phases in chromatography and adsorption processes (Dawidowicz 1996; Dawidowicz et al. 1998) . Such materials with polymers adsorbed onto their surfaces can be employed in biocatalytic processes and affinity chromatography (Dawidowicz et al. 1996) .
EXPERIMENTAL
Glass samples of a controlled porosity (CPG) were used in the studies. CPG was prepared by the use of Vycor glass according to a procedure proposed by Dawidowicz (1992) . The percentage composition of the solid obtained was 55% SiO 2 , 35% B 2 O 3 and 10% Na 2 O. The prepared material had the following physicochemical properties: specific surface area, 58.4 m 2 /g; pore volume, 1.06 cm 3 /g: mean pore diameter, 72.4 nm; and grain size, 304 nm. The mean grain size of the solid particles was obtained from electrokinetic measurements [laser zetameter, Zetasizer 3000 (Malvern Instruments)]. Other parameters were determined from low-temperature nitrogen adsorption/desorption isotherms using an ASAP 2405 automatic adsorption analyzer (Micromeritics Instruments Corp., Norcross, GA, U.S.A.).
Samples of polyacrylic acid (PAA) (Fluka) with weight average molecular weights (M w ) of 2000, 60 000 and 240 000 were used in the study. All polymer solutions were filtered through cellulose membranes (Millipore) to eliminate inorganic contamination and lower polymer fractions. Each membrane was characterized by its NMWL (nominal molecular weight limit) value. Thus, solutions of PAA 2000, PAA 60 000 and PAA 240 000 were filtered through membranes characterized by NMWL values of 1000, 30 000 and 100 000, respectively 1 . Because the theta temperature for aqueous polyacrylic acid solutions is 14ºC (Napper 1977) , all measurements were undertaken within the 15-35ºC temperature range. The supporting electrolyte in all cases was a 1 × 10 -2 mol/dm 3 aqueous NaCl solution.
Adsorption measurements were made via the static method employing polymer concentrations within the 10-200 ppm range with 0.06 g CPG. The pH values of the solutions were determined by the use of a Beckmann ϕ360 pH meter and adjusted as necessary by the use of HCl and NaOH solutions. Prepared suspensions were shaken in a water bath (OLS 2000, Grant) for 24 h with constant monitoring of their pH values. After this time, the suspensions were centrifuged and 5 mᐉ of the clear polymer solutions collected for further analysis. The amount of polymer adsorbed was determined from the difference between the PAA concentration in the solution before and after the adsorption process. The concentration of polymer was determined from the reaction of polyacrylic acid with hyamine as proposed by Crummett and Hummel (1963) , with the resulting turbidity being measured using a UV-vis Specord M42 spectrophotometer (Carl Zeiss, Jena) at a wavelength of 500 nm.
The surface charge density of the CPG (0.3 g) in the absence and presence of polymer (C PAA = 100 ppm) was determined potentiometrically. Such titrations for the NaCl/CPG and NaCl/CPG/PAA systems were performed in a thermostatted Teflon vessel. For this purpose, 50 mᐉ of polymer solution in a supporting electrolyte (or supporting electrolyte solution alone) was introduced into the vessel and amounts of polymer and electrolyte solutions added to obtain the required final concentrations (C PAA = 100 ppm and C NaCl = 1 × 10 -2 mol/dm 3 ). The initial pH of the solution (3-3.5) was adjusted by the use of HCl (1 × 10 -1 mol/dm 3 ). The following appliances were used for the potentiometric titrations: burette Dosimat 665 (Methrom), pH meter 71 (Beckmann) connected to a computer and a printer. The surface charge density on the solid was calculated using the special software Miar_t developed by W. Janusz.
Zeta potential measurements for the NaCl/CPG and NaCl/CPG/PAA (C PAA = 0.01 ppm) systems were performed as follows. A suspension containing 0.05 g CPG in 500 mᐉ of supporting electrolyte or polymer solution was prepared. This suspension was sonicated (ultrasonic processor XL, Misonix) and divided into eight parts, each of 60 mᐉ volume. Next, the pH value of each sample was adjusted to the appropriate range (3-10). During their preparation, all samples were thermostatted in a Grant OLS 200 water bath. The zeta potential of suspensions in the presence and absence of polymer were measured using the Zetasizer 3000 laser zetameter mentioned above.
The thicknesses of the adsorbed polymer layers (δ) were determined from viscosity measurements (M'Pandou and Siffert 1987) using a CVO 50 rheometer (Bohlin Instruments). The increase in the radius of the solid particles in the presence of polymer (which is equal to the thickness of the adsorption layer, δ) resulted in an increase in the volume fraction (ϕ p ) of dispersed solid. The value of δ was calculated from the equation:
(1) where r is the radius of the solid particle, ϕ p is the volume fraction of the solid in the presence of polymer and ϕ 0 is the volume fraction of the solid in the absence of polymer.
The volume fraction of the dispersed solid may be related to the suspension viscosity via the Einstein equation:
where η is the viscosity of the suspension, η 0 is the viscosity of the liquid phase and k is the Einstein coefficient.
The values of the coefficient k and ϕ p were obtained from a calibration curve. Thus, a number of CPG suspensions corresponded to various volume fractions (ϕ 0 ) of the solid were prepared as follows. Known weights (0.5, 1, 1.5, 2, 2.5, 3, 3.5 or 4 g) of solid were added to 40 mᐉ NaCl solutions. The resulting suspensions were then shaken for 24 h whilst immersed in a water bath (OLS 200, Grant) . After this time, their viscosities (η) and the viscosity of a blank NaCl solution (η 0 ) were measured. The plot of η/η 0 versus ϕ 0 obtained allowed the value of the coefficient k to be obtained from the linear slope. The value of k thus obtained was 6.0.
The (η/η 0 ) p ratios in the presence of polymer were determined at a CPG volume fraction of 5.34 × 10 -3 , with the value of the volume fraction (ϕ p ) corresponding to each (η/η 0 ) p ratio in the presence of polymer being obtained from a calibration curve.
The expansion coefficients (α exp ) were obtained from the dependency:
( 3) where [η] is the intrinsic viscosity number of the polymer solution at a given temperature and [η] θ is the intrinsic viscosity number of the polymer solution at the theta temperature. Figure 1 shows the adsorption isotherms of PAA on the CPG surface at 25ºC. The observed increase in the amount of polymer adsorbed with increasing molecular weight is typical and very well documented in the literature (Chibowski and Wiśniewska 2002) . The experimental adsorption isotherms were fitted by the Langmuir adsorption isotherm model which may be expressed as: (4) where C is the equilibrium concentration of polymer in the solution (mol/dm 3 ), K is the Langmuir adsorption constant (dm 3 /mol), Γ is the amount of polymer adsorbed onto the solid surface (mol/m 2 ) and Γ max is the maximum amount adsorbed corresponding to a totally filled monolayer (monolayer capacity) (mol/m 2 ).
RESULTS AND DISCUSSION
Linear plots of Γ/C versus C were obtained for each molecular weight of PAA (Figures 2-4) . The values of K and Γ max were determined from the intercept and gradient of these plots, respectively.
The free energies of adsorption (∆G 0 ads ) were calculated from the following equation:
where R is the gas constant [J/(K mol)] and T is the temperature (K). The results obtained are summarized in Table 1 . Analysis of these data leads to the conclusion that the increase in ∆G 0 ads with increasing PAA molecular weight was not directly proportional to the number of segments in the polymer chains (N segm ). This was due to the different conformations of the short and long macromolecules in the adsorption layer on the solid surface. Usually, short chains adsorb onto the solid surface to create flat structures. Although long macromolecules have a greater number of segments with functional groups which can be bound with the solid surface, their stretched conformations limit this possibility. Thus, despite such a great difference in the number of segments, the ∆G 0 ads values obtained for higher polymer molecular weights were only slightly larger than those obtained for low polymer molecular weights.
Moreover, the calculated values of the free energies for polymer adsorption prove that hydrogen bridge-type interactions were responsible for the adsorption of PAA macromolecules onto the CPG surface. The mean values of these interaction energies were in the range of 12-33 kJ/mol (Pigoń and Ruziewicz 1980) . Because polyacrylic acid is an anionic polymer, the pH of its solution has a significant influence on its adsorption onto the CPG surface ( Figure 5 ). The dependencies obtained are interesting. Thus, for all the examined molecular weights of PAA, the amount adsorbed attained a minimum value within the pH range 6-7.5.
To explain these curves, it is necessary to analyze the changes in the degree of ionization of the PAA chains (Table 2 ) and in the charge on the solid surface as the pH value increases. An increase Experimental conditions: C NaCl = 1 × 10 -2 mol/dm 3 , pH = 6, temp. = 25ºC. in pH causes the dissociation of the carboxylic groups present in PAA macromolecules. The degree of dissociation (α diss ) of these groups is equal to 0.03 at pH 3, 0.5 at 4.5 [= pK PAA , see Gebhardt and Fuerstenau (1983) ] and 0.999 at pH 7.5, when practically all the carboxylic groups in the PAA chains are dissociated. Because the pH pzc value of CPG is equal to 7.0 at 25ºC (see Table 3 ), electrostatic attractive forces operate between the positively charged CPG surface groups and dissociated carboxylic groups at pH values below pH pzc . Moreover, in the low pH range (especially at pH < 4.5), the weakly dissociated PAA chains possess a more coiled structure so that their penetration into solid pores is possible. Thus, the adsorption of PAA onto the CPG surface (adsorption in pores and on the solid surface) is higher.
At pH = pH pzc , the electrostatic interactions between the "neutral" surface and the negatively charged PAA chains are small. In addition, electrostatic repulsion between dissociated carboxylic groups, which belong to the same or different PAA macromolecules, leads to greater and greater extension of the polymer chains. Such a stretched conformation limits polymer adsorption into the CPG pores and the adsorbed amounts of polymer are minimal.
The observed increase in adsorption at pH > pHpzc is surprising. Under these conditions, electrostatic repulsion between the solid surface and the PAA chains is strong. Such repulsive forces between the solid surface and the polymer, as well as between the dissociated carboxylic groups in the polymer chains, favour a great extension of the macromolecules. Moreover, at pH values in the range 8-10, dissolution of CPG occurs with the resulting destruction of its porous structure. The observed increase in adsorption probably arises from the fact that PAA macromolecules only adsorb onto the solid surface (adsorption in pores is impossible) in the form of compact polymer chains with loops and tail structures stretched perpendicularly to the solid surface. Additionally, the fact that the highest PAA adsorption occurs at pH > pH pzc (electrostatic repulsion between polymer chains and the solid surface) demonstrates that, under these pH conditions, polyacrylic acid macromolecules only adsorb onto an alumina surface through hydrogen-bridge formation. Otherwise, adsorption at pH values above pH iep would not occur in the investigated system. Figure 6 presents the amounts of adsorbed PAA on the porosity glass surface as a function of temperature. As can be seen from the data depicted, the adsorption of PAA onto the CPG surface increased with increasing temperature. Such a temperature increase causes conformational changes of the macromolecules both in the bulk solution and in the adsorbed layer. The expansion coefficients (α exp ) of PAA chains, which characterize their development in the bulk solution, are listed in Table 4 . Analysis of these data leads to the conclusion that the values of Experimental conditions: C NaCl = 1 × 10 -2 mol/dm 3 , pH = 6. α exp increased with increasing temperature for all the polymer molecular weights examined. This means that the conformation of the PAA chains in the bulk solution became increasingly stretched.
The adsorption data obtained suggest that the conformation of the macromolecules adsorbed onto the solid surface was similar to that existing in the bulk solution. At the lowest examined temperature (close to the theta temperature), the polymer adsorption layer consists of PAA coils. The adsorbed polymer coils lead to the blockage of the active sites on the solid surface, thereby inhibiting the adsorption of other macromolecules. As a result, the amounts adsorbed were low. This suggested structure for the adsorbed layer is confirmed by its thickness (Table 5) , which is least at this particular temperature.
As the temperature increases, the conformation of the polymer chain at the interface becomes more elongated due to the development of coils. The adsorbed macromolecules are located in layers with long tail and loop structures. This type of conformation provides the possibility for the adsorption of a greater number of polymer chains, because of the increase in the accessible surface area. This results in an increased degree of adsorption and a thicker adsorption layer (Table 5) .
Very important parameters, which supplement the description of the PAA chain conformation on the CPG surface, are changes in the charges on the surface and diffuse layer of the solid in the presence of polymer. Figures 7-9 illustrate the potentiometric titration curves for the CPG/NaCl and PAA/CPG/NaCl systems at 15, 25 and 35ºC, respectively. Analysis of these curves shows that, for all temperatures examined, a decrease is observed in the solid surface charge in the presence of polymer in comparison to the solid surface charge without polymer. Although the adsorption of anions usually causes an increase in the solid surface charge density, the decrease observed in the case of polyacrylic acid arises from those dissociated carboxylic groups of the adsorbed polymer chains which do not undergo bonding with the solid surface. These groups are located in the tail and loop structures of adsorbed macromolecules at the interface.
In addition, a shift in the value of pH pzc for the solid from 6.6 (at 15ºC) to 7.4 (at 35ºC) is observed with increasing temperature. What is very interesting is that the smallest changes in the CPG surface charge in the presence of PAA in comparison to the CPG surface charge without polymer were obtained at 35ºC. For example, at pH = 5.5 and 15ºC, adsorption of PAA 240 000 led to a decrease in the CPG surface charge from 3.5 to -27 µC/cm 2 ; at 25ºC, this decrease occurred from 2.5 to -17 µC/cm 2 ; and at 35ºC, the solid surface density changed from 2 to -10 µC/cm 2 . polymer chains. When the temperature increases, polymer coils develop and the shift in the slipping plane dominates under these conditions. At higher temperatures, the polymer macromolecules adsorb onto the solid surface, thereby creating a greater number of stretched conformations relative to loop and tail structures. This leads to a greater shift in the slipping plane and a reduction in the zeta potential. 
CONCLUSIONS
The increase in the free energy of adsorption (∆G 0 ads ) with increasing PAA molecular weight was not directly proportional to the number of segments in the molecular chains. This arose from the conformational differences created by short and long macromolecules on the solid surface. The calculated values of ∆G 0 ads demonstrate that hydrogen bridge-type interactions were responsible for the adsorption of polyacrylic acid macromolecules onto the CPG surface. For all the PAA molecular weights examined, the adsorbed amount attained a minimum value within the 6-7.5 pH range.
An increase in temperature led to the adsorption of more and more developed polymer chains onto the CPG surface and thus the amounts adsorbed and the thickness of the polymer adsorption layer were greater at higher temperatures.
The anionic character of PAA led to a decrease in the surface charge density and zeta potential of CPG particles with the extent of adsorption. The presence of dissociated carboxylic groups in the surface and diffuse layers were the main reasons for the observed decrease in the surface charge and zeta potential. In addition, blocking of the active sites on the solid surface by adsorbed polymer chains had an important effect on adsorption at 15ºC, when the polymer chains were coiled. At 35ºC, the effect of the shift in the slipping plane (adsorption of stretched polymer chains) dominated the process.
